The posttranscriptional control of iron uptake, storage, and utilization by iron-responsive elements (IREs) and iron regulatory proteins (IRPs) provides a molecular framework for the regulation of iron homeostasis in many animals. We have identified and characterized IREs in the mRNAs for two different mitochondrial citric acid cycle enzymes. Drosophila melanogaster IRP binds to an IRE in the 5' untranslated region of the mRNA encoding the iron-sulfur protein (Ip) subunit of succinate dehydrogenase (SDH). This interaction is developmentally regulated during Drosophila embryogenesis. In a cell-free translation system, recombinant IRP-1 imposes highly specific translational repression on a reporter mRNA bearing the SDH IRE, and the translation of SDH-Ip mRNA is iron regulated in D. melanogaster Schneider cells. In mammals, an IRE was identified in the 5' untranslated regions of mitochondrial aconitase mRNAs from two species. Recombinant IRP-1 represses aconitase synthesis with similar efficiency as ferritin IRE-controlled translation. The interaction between mammalian IRPs and the aconitase IRE is regulated by iron, nitric oxide, and oxidative stress (H202), indicating that these three signals can control the expression of mitochondrial aconitase mRNA. Our results identify a regulatory link between energy and iron metabolism in vertebrates and invertebrates, and suggest biological functions for the IRE/IRP regulatory system in addition to the maintenance of iron homeostasis.
Most animals, including humans and other mammals, frogs, fish, and flies appear to regulate cellular iron metabolism posttranscriptionally by means of the interaction of ironresponsive elements (IREs) and iron regulatory proteins (IRPs) (1, 2) . In mammals, where this system is best characterized, IREs regulate the mRNAs for the iron storage protein ferritin, the receptor for cellular iron uptake (transferrin receptor) and the rate limiting enzyme for the main iron utilization pathway, erythroid 5-aminolevulinate synthase (eALAS). By binding to IREs in the 5' untranslated regions (UTRs) of ferritin and eALAS mRNAs, IRP-1 and, independently, IRP-2 (3, 4) repress the translation of these transcripts (5) (6) (7) (8) (9) , whereas the transferrin receptor mRNA is stabilized by IRP binding to IREs located in the 3' UTR (10) (11) (12) . IRP-1 and IRP-2 bind to IREs in iron deficient, but not in iron replete, cells (3, 13, 14) . IRE/IRP interactions thus serve to maintain iron homeostasis by coordinated regulation of iron uptake, storage, and utilization. Moreover, the regulation of IRP-1 by nitric oxide (NO) and H202 and of by NO (15) (16) (17) (18) (19) connects the regulation of iron metabolism to additional signaling pathways (K.P., G. Weiss, and M.W.H., unpublished work).
In addition to the mRNAs encoding proteins central to iron metabolism, an IRE motif was identified in the 5' UTR of porcine mitochondrial aconitase mRNA (20) . Like the other citric acid cycle enzymes, aconitase is nuclear-encoded and translated in the cytoplasm. Following their posttranslational import into the mitochondria, the citric acid cycle enzymes form the central pathway for cellular energy metabolism into which amino acid, carbohydrate, and fatty acid metabolism converge. The mitochondrial aconitase IRE motif was shown to bind IRP-1 in vitro (21) , but the effect of IRP-1 binding on aconitase mRNA expression and its regulation have not been investigated. Sinc-e iron and energy metabolism both play critical roles, particularly in proliferating and metabolically highly active cells, we investigated the intriguing possibility of a linkage between iron regulation and the regulation of enzymes of the citric acid cycle. We report that cellular IRPs interact with the aconitase IRE in a specific and regulated fashion. Moreover, we have identified a functional IRE in the mRNA of a second citric acid cycle enzyme, the iron-sulfur protein (Ip) subunit of Drosophila melanogaster succinate dehydrogenase (SDH). We show that both IREs function to mediate translational repression by IRP-1.
MATERIALS AND METHODS
Plasmid Construction. All plasmids are derived from pGEM-3Zf(-), and are cloned for transcription from the T7 RNA polymerase promoter. Plasmids hUlA and MSA.CAT have been described (22, 23) . Fer.CAT and Mut.CAT contain a wild-type and a mutated ferritin IRE, respectively, upstream of the chloramphenicol acetyltransferase (CAT) open reading frame and have been described as IRE-wt and IRE-mut (9) . SDH.CAT was created by ligation of annealed phosphorylated synthetic oligodeoxyribonucleotides into IRE-wt after digestion with BamHI and XbaI to remove the ferritin IRE. The sequence of the sense strand oligonucleotide was 5'-GATCTAATTG CAAACGCAGT GCCGTTTCAA TTGT-3'. Acon.IRE was created from pGA (24) that contains the porcine mitochondrial aconitase cDNA lacking 10 nucleotides of the 5' UTR. The 5' end of the aconitase cDNA which contains part of the IRE was reconstructed by digestion of pGA with BstEII and partial digestion with EcoRI, and subsequent introduction of annealed phosphorylated oligodeoxyribonucleotides. The sequence of the sense strand was 5'-AATTGACCTC ATCTTTGT CA GTGCACAAAA TG-GCGCCTTA CAGCCTACTG-3'. The oligonucleotides used to create Acon.AC differ from those used for Acon.IRE by the Abbreviations: IRE, iron-responsive element; IRP, iron regulatory protein; Ip, iron-sulfur protein; SDH, succinate dehydrogenase; UTR, untranslated region; eALAS, erythroid 5-aminolevulinate synthase; CAT, chloramphenicol acetyltransferase; EMSA, electrophoretic mo-I bility-shift assay; 2-ME, 2-mercaptoethanol. tTo whom reprint requests should be addressed.
4925
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
omission of the underlined C in the sequence above. The sequence of all plasmid constructs was confirmed by DNA sequencing.
In Vitro Transcription. Capped mRNAs were generated with T7 RNA polymerase from Fer.CAT, Mut.CAT, SDH. CAT, and hUlA after digestion with HindIII, and from Acon and Acon.AC after EcoRI digestion (8) . 32P-labeled RNA probes (specific activity -3.0 X 107cpm/,g for the ferritin and SDH-Ip probes and -4.5 X 107cpm/,g for the aconitase probe) and unlabeled competitor RNAs for gel retardation assays were transcribed from Fer.CAT, Mut.CAT, SDH.CAT, and MSA.CAT linearized at XbaI, and plasmids Acon and Acon.AC linearized with BstEII as described (18, 25) . All probes were gel-purified prior to their use.
Cell-Free Translation. Translation-competent extracts were prepared from wheat germ (General Mills) as described (8) . Fifteen-microliter cell-free translation reactions were programmed with 2.5 ng of capped in vitro-transcribed UlA and 5.0 ng CAT mRNAs, or 20 ng of Acon.IRE or Acon.AC mRNAs in the presence or absence of recombinant human IRP-1 purified from Escherichia coli as described (8) .
[35S]methionine-labeled products were analyzed by SDS/PAGE and fluorography (25) . All experiments were done at least four times and representative results are shown.
Electrophoretic Mobility-Shift Assays (EMSA). Mouse epidermal JB6 cells were treated as specified in the figure legends, and lysates for EMSA were prepared as described (19) . The EMSA was performed in a buffer containing 40 mM Hepes (pH 7.6), 90 mM potassium chloride, 1 mM magnesium acetate, and 2 mM calcium chloride. EMSA using D. melanogaster embryo extracts were performed in a buffer containing 22.5 mM Hepes (pH 7.5), 150 mM sodium chloride, 0.25% Triton X-100, 0.1 mM EDTA, and 5% glycerol. Where indicated, 2-mercaptoethanol (2-ME) (2%) was included in the reactions and unlabeled competitor RNAs (60-240 ng) were added prior to the addition of the 32P-labeled probes (3-5 x 104 cpm). Heparin (final concentration 5 mg/ml) was added 10 min after the addition of 32P-labeled probes. RNA/protein complex formation was analyzed by nondenaturing gel electrophoresis and autoradiography (26) . All experiments were done at least three times with similar results.
Analysis of SDH-Ip Regulation in D. melanogaster Schneider
Cells. Schneider S2 cells were cultured in Schneider's Drosophila medium (GIBCO/BRL)/10% heat-inactivated fetal calf serum (FCS) at 26°C. Following treatment for 10 h with 30 ,ug/ml ferric ammonium citrate or 100 ,uM desferrioxamine, cells were either harvested for RNA preparation and Northern blotting (15 ,ug of total RNA), or labeled for 60 min with 40 p,Ci [35S]methionine/ml in 2.5 ml of methionine-free Grace's insect cell culture medium (GIBCO/BRL) without FCS as described (15) . Cells were lysed in 300 mM NaCl/1% Triton X-100/50 mM Tris-HCl, pH 7.4, and equal quantities of trichloracetic acid-insoluble material (2 x 106 cpm) were subjected to immunoprecipitation using saturating quantities of polyclonal rabbit antisera against bovine heart SDH-Ip and protein A-sepharose, and further analysis by SDS/PAGE as described (7) .
RESULTS AND DISCUSSION

Conservation of IREs in Mammalian and Invertebrate
Citric Acid Cycle Enzyme mRNAs. We previously identified an IRE motif in the 5' untranslated region of porcine mitochondrial aconitase mRNA ( Fig. IA) (20) . Using the same IRE search algorithm (27) , an identical IRE motif was uncovered in the bovine homologue (Fig. 1B) , suggesting that this element is conserved among mammals. Strikingly, the search also revealed an IRE-like sequence in the 5' UTR of the Ip subunit of SDH (Fig. 1C) , which closely resembles the IRE motif in the two mammalian aconitase mRNAs and matches the "consen-
Identification of IRE motifs in mRNAs encoding citric acid cycle enzymes. The European Molecular Biology Laboratory nucleotide database (including release 44) was screened for IRE motifs using the consensus IRE shown in D as described (27) . (20, 28) . Two aspects of this observation are particularly noteworthy: (i) like aconitase, SDH also participates in the citric acid cycle and (ii) this IRE motif is found in the D. melanogaster SDH-Ip transcript. If the SDH-Ip and the aconitase IREs were functional, this finding would suggest that IRE-mediated regulation of citric acid cycle enzymes is conserved between mammals and invertebrates.
IRP binding to the SDH-Ip IRE motif was investigated by EMSA. Extracts prepared from 11-to 16-h-old D. melanogaster embryos contain a protein(s) that forms a complex with the SDH-Ip IRE probe (Fig. 2A, lane 2) . Complex formation is reduced in a dose-dependent fashion (60-240 ng) by competition with the human ferritin H-chain IRE (lanes 3-5) and the SDH-Ip element itself (lanes 6-8), but not with the highest concentration (240 ng) of a nonIRE RNA hairpin (lane 9), indicating that both probes form complexes with Drosophila IRP. The SDH-Ip IRE competed more strongly than the ferritin IRE, suggesting that the Drosophila IRP binds with higher affinity to the Drosophila SDH-Ip element. This interpretation is supported by the data shown in lanes 10-18 where the human ferritin IRE was used as a radiolabeled probe. Complex formation is weaker (with the two probes of comparable specific activity, the panel with lanes 10-18 was exposed four times longer), and the unlabeled SDH-Ip element is a stronger specific competitor (lanes 15-17) than the ferritin IRE (lanes 12-14) . Conversely, recombinant human IRP-1 forms a stronger complex with the human ferritin than 25 ,ug extracts prepared from D. melanogaster embryos collected 0 to 2 (lanes 6 and 10), 2 to 6 (lanes 7 and 11), 4 to 8 (lanes 8 and 12) , or 11 to 16 (lanes 9 and 13) h after fertilization. 2-ME (2%) was added to the extracts prior to the addition of the probe in lanes 10-13. the Drosophila SDH-Ip probe (Fig. 2B, lanes 1 and 3) , and the heterologous IREs compete for complex formation (lanes 2 and 4). We conclude that the IRE motif identified in the SD1I-Ip mRNA from D. melanogaster represents a specific binding site for Drosophila and human IRPs. Interestingly, the binding of Drosophila IRP to this element is regulated during embryonic development (Fig. 2C) . While the implications of this developmental regulation have to be investigated further, we note that the modulation of the IRE-binding activity appears to originate from alterations in the total level of IRP [assessed after in vitro activation of IRP by 2-ME (29, 30) ; note the similar binding in lanes 10-13 compared to lanes 6-9] rather than a posttranslational switch between the active and the inactive form of the protein, as has been reported for the regulation of mammalian IRPs in response to NO, H202, or changes in iron availability (15-17, 19, 31, 32 Fer.CAT and +37 in SDH.CAT, respectively), these indicator mRNAs also suitably reflect a possible regulatory bias inherent in the position of the IRE (34, 35) . In the absence of IRP, all three mRNAs are efficiently translated in wheat germ extract (Fig. 3, lanes 2, 5, and 8) (Fig.1A) has been previously reported (21) . Curiously, the apo-protein form, the 3Fe-4S and the 4Fe-4S form of IRP-1 were found to bind equally (21) 6 with lanes 3 and 8) . The similar IRE binding activities after addition of 2% 2-ME to the extracts (Fig. 4B,   lower) indicates that the regulation in IRE binding occurs posttranslationally (29, 38) . The composition of the complex with faster mobility (Fig. 4B, lanes 1-5) is not yet clearly defined. Competition experiments and the coregulation with IRP-1 suggest that the formation of this complex involves a specific IRE-binding protein (Fig. 4 and data not shown) . Its apparent activation by 2-ME in lysates from control and iron replete cells argues against IRP-2 (3, 13), but would be consistent with the possibility that two complexes with different mobilities on native gels could be formed between IRP-1 and the aconitase IRE probe. This interpretation is also in line with the varying ratios between the faster and the slower migrating complexes in independent experiments performed with the same extract (compare Fig. 4A, lane 1 and 6) , 100 ,uM of desferrioxamine (lanes 2 and 7), 100 ,uM of hydrogen peroxide (lanes 4 and 9), or 100 ,uM of S-nitroso-N-acetyl-DLpenicillamine (lanes 5 and 10) were incubated with the aconitase or ferritin IRE probe and analysed by EMSA. The autoradiographs in the left panels are exposed four to five times longer than those in the right panels.
purified protein which caused a similar in vitro activation of IRP-1 as we observe following the addition of 2-ME (Fig. 4B,  bottom) (H. Beinert, personal communication) .
The results obtained with the ferritin (5, 6, 8, 9) , eALAS (7, 37) , and the SDH-Ip IREs (Fig. 3) predict that the binding of IRP-1 to the aconitase IRE should repress the translation of the aconitase mRNA and that the regulation of this binding (Fig. 4B) (lanes 2 and 3) . No exogenous mRNA was added to the reactions shown in lane 1. Molecular weight markers are shown on the right and the positions of the UlA, CAT, and the C-terminally truncated aconitase protein products are shown on the left. The increased background from low molecular weight products in A, lanes 6-9 (cut off in B), originate from the inclusion of the Acon/Ac.AC mRNA (data not shown). At least in part, these low molecular weight polypeptides may be caused by the truncation of the aconitase open reading frame (39) , which was necessary to avoid difficulties in the interpretation of the experiment arising from the limited ability of wheat germ extract to synthesize large proteins. translation by recombinant IRP-1. To assess the relative regulatory capacity of the aconitase compared to the ferritin IRE, the Fer.CAT and Acon mRNAs were cotranslated in wheat germ extract (including UlA as an internal control) and titrated against recombinant IRP-1 (Fig. 5B ). This direct comparison shows that the ferritin and the aconitase IREs display similar "functional affinities" for IRP-1, despite the weaker complex formation in EMSA (Fig. 4) . Apparently 
